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Reference: XR 415/9

1. SUMMARY

1.1. The wartime work on cordite is described. A general discussion
leads to conclusions as to the measurements which are required to enable
the mechanical behaviour of star-contred and other charpges to be '
predicted. The effect of sizc of charge is considered. Proposals are
made for further study of the physical propertics of colloidal propellants.

1.2, Further Work.

A similar note is being preparead for plastic and highly-clastic
propellants.

2. THE 3-INCH U.P. WORK DURI.G WORLD WAR II.

During the war a considcrable amount of work was done to corrclate
failures of rochéts at their upper temperaturc limits with thce mechanical
properties of the propellant. This work was at first concentrated on the
3-inch U.P. with a tubular cordite charge. Hartrce (1) examined the géneral
mathematical prohlems involved and his work was followed up at.P.D.E. (2)
and extra-murally (3). Later, C.S.A.Re and C.S.,P.D.Es collaboratced in more

detailled work (4), gome of it rclatiang to diffcerent charge shapes.

Taking the 3-inch tubular cordite rocket os an cxamplc, the peak gas
pressure at the head of the charge was 1685 peseis, and at the venturi end
it was only 1330 peseie(12).: Th& cross-section of the cordite was 5.28 square
inchesy reduced to 5.13 gquare inches at the time of peak pressure (0,025 seu.),
and the surfacc arca of the supporting grid was 1.8 square inches. The
increase in grid pressure due to acceleration of the charge' by the grid on
projection was 920 1lb. wt.. Hence, ipgnoring friction and considering only
forces parallel to the axis, thore was an, excess hydrostatic pressurc at the
head end of 355 pes.is, comparcd with thc¢ grid ends. The gencral hydrostatic
pressurc at the grid end presumably causes only a negligible bulk strain,
without any change in shape, but this excess pressure is cquivalent to a
direct compressive gtress, and is balanced by a force exerted on the base of
the cordite charge by the grid. '

//F The total longitudinal compressive stress'on the cordite at the venturi
end is therefore 179 pesei., duc to sct-back, plus 355 pysg.i., due to gas
pressure. Very near thc grid, this strecss boecomes non-unif'orm over the
cordite cross-section, being concentrated to the actual arca of contact
between grid and cordite; the struss over this grid area is 5.13/1.8 times
the average stress, totalling 1520 pesei.

¥

Two main typcs of mechanical feilure of the propellant can therefore
occurs. Firstly, the whole charge is conpressed elastically, causing it to
barrel out near the grid and restrict the gas conduit. This was thec
predominant cffect for thc tubular 3-inch rocket charge, and a satisfactory
correlation was worked out between Young's modulus at the upper temperaturc
limit, the stresses involved and ballistic calculations of the deformation
required to cause failurc. 7

LS4

Secondly, thc approximatcly threefold stress concentration over the
area of contact between the prid and the corditec can, under suitable

/circunstances
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circumstances, cause grid penetration due tec plastic flow of cordite. This
type of failure occurred with the five-arm cruciform charge, where the first
type of failure was largely prevented due to the support wziven by the metal
tube to the propellant. lere again, a fair agrcement was obtained betwoon
laboratory measurcmcnts and practice.

Reasonably accurate predictions could bec made of temperature limite with
new compositions (F.5656/14, I'.565/18, F.555/26 ctc.) in the 3-inch rocket,
based solcly on vented vessel weasurcments o burning rates and laboratory
measurements of Young's modulus, hardness ctc. (4) (6-11).

5. MODERN TKENDS T CHARCE DESICH.

5¢1. Alnwost all pressent day rocikets employ charge designs which eliminate
the rapid streaming of hot gasus over the metal tube, by using inhibited,
internal-conduit, propellant charges. 'They are often shorter in proportion
to their diameter than the wartime fin-stebiliscd wcekets, and are mainly
used t'or boosts or in applizations whore the acceleration ic relatively low.
The ratio of gas condult eross-scetion to port area is frequently highcr than
in wartime rockets. The stresscs to which the oropellant may be subjected
are considercd bclow from the points of view of manufacture, storage, rough-
usage znd firing.

The principal charge chapc considored is the star-centred inhibited
charge, with the annuleor space hotwecn choree and rocket tube either
pressurised by the hot guces, unpressurised (as in the American 'Deacon'
rocket) or filled with viseous liguid or s weak jelly or plastic (as in the
7.5 inch boos%t motor). The mulvi-conduit charge may involve spceial problems.
Hoad-end support could be used lor a stick-and-tube charge. So far as iz
known no other charpge sinapes nced individeal eonsideration.

3e2e sanufacture
5e2.1. Bxtruded Solventloss Cordlic

The range isc boing sxtended to larger and larger diameters, but,
apart from the difficulty of' using large presscs, handling and inspecting
large charges, etcs, thore would seem to be no fresh mechanical problems.
The strain at the propcllant cvrface due to expansion at the die is no more
(when expressed as a fraction of' the perimeter of the extruded charge) than
for small sizes, although the linear ocxpsasion is larger. Hence the stiwrnea
frozen into extruded charces shonld be o morc. The use of Cﬂm'[\-!_'i_ﬂntcd
charge shepes may give rise to morc scrious internal stressing, es peeially
if therc are lines of' siress concentration. From this point of view, the
use of a star-section with very pronouncsd sharp points has proved to be
msatisfactorys In general, the wpider supporting any internal pins, cte.,
in the die should be o mounted that therc is n space allowing for
consolidation between it and the parallel part of the dies If this is
omitted, planes of weakness ot'tcn’ ocewr, correspording to the spider lines,
and the chargc is net truc to shape. In order to minimise the effeot of
planes of weakness, it would be dosirable to orevent spider lines from
coinciding with minimum web thicknesses in tho charge.

The prescnce of intermal strecsin: could be advantagecus in certain
cascs. For oxample, it might increase the bursting pressurc of a thick-
walled tube., It is dubiouc wicther advantepe could ever be taken of such
an effect, due to the tendensy of thermoplastics to rclieve their stresses
on hot storage; in any case, the concomilont disadvantages off cxpansion at
the die and a tendency to revort to a less strissed shape would normelly

o
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predominate. Exploitation of' the technique whereby the cordite dwells in
the die for some minutes should give a product almogt f'ree from internal
stresses, and of very good dimcnsional reproducibility. This is being
tried by E.R.D.E.

3.242. Cast Double Base “ropecllant

This may havc internal stresscs on a micro-scale due to its method
of manufacture. Cylindrical granules are surrounded by voids of irregular

shapes and N.C.s concentration-gradients must be preduced on casting. The
maturing will tend to diminish these concentration gradients, mainly by
diffusion of liquid, since it is so much more mcbile than entangled N.C.
molecules, and the granules will swell bodily to fill the entire space. In
other words, the original short cylindcrs will have becen distorted into very
irregular swollen chapcse Unlcess either true solution or plastic flow

- accounts completely for the change of shape, there will be residual elastic
stressese The extent of this lack of cquilibrium, taking the form of large
residual concentration gradients plus clastic stressces in severe cases, and
negligible concentration gradicnts plus mild clastic strcsses in the case of
a good casting, will clearly depend on the naturc of the components and the
completeness of curing.

Therc may, in addition, be larger-scale frozen stresses. For example,
a difference in rate of gelatinisation of inhibiting matcrial and propellant
granules, combined with the rustraint of the corsct, could give rise to a
pseudo-equilibrium in which thc inhibiting layer is in tensile stress. On
the other hand, shrinkage during casting could give a reverse stress in the
inhibitor, and could lecad to rupturec in the bond or in the propellant.

o Summarising, the optimum conditions heve to be chosen for each cast
propellant system, and the products chocked for servicesbility. It will
be interesting, neverthelecss, to try to corrclatc the ease of plastic flow
of awollen granules with tomperaturc and time of curing, to assess the
extent to which practicel propcllants fall short of true equilibrium, and
to examine the effccts of frozen strcuscs on molecular oricentation, rupture
by gas evolution, elongation at breaking point, cte.

5.5« Storage
" 8.5.1. Nommal Storage

: Storage at temperatures below 80°F. has little maturing effect on
solventless propellants. Changes, prcsumably in amorphous-crystalline N.Ce
ratio, are slow. For example, corditc zfter processing or rcheating has an
abnomally low Young's modulus, and it takes days around 80°F., or weeks
around 60 F,, for the normal wvalue to be re—ostablished.(lé)

Very intercsting delayed ‘clastic strains and 'pseudo-plastic' deformatios
occur undér moderate storagc stresscs, for example, the sagging of a large
stick of cordite supported horizontelly at its cnds. A few hours hot storage
in the absence of stress dsually restorcs the original shape, if it does not,
in fact, 'unfreeze' somec cven carlier history of the specimen, previously
frozen into it as an internal stress at a highcr tomperature, All this can

"be stated in terms of a iaxwell spring-and-dashpot model system, with an
extremcly large numbetr of elements covering a: range of relaxation times of
many million-fold, provided therc is a very large temperature coefficient
of each relaxation time and 2 non-Newtonian liquid in the dashpots. Thus
the displacement of an element which corrcsponds virtually to a plastic

" flow at low temperaturcs is only 2 delayed clastic flow at a higher
temperature. It is a matter of futurc work to' corrclate the temperature
coefficients at one end of the spectrun of reclaxation times with those

= . /at the
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at the other, and to sec the cffect of changes in moleculer weight of N.C.,
etc..

J.5.2. Cold Storaﬂ;ﬂ

This also has no ef'f'ect on cordite, but therce is onc unconfirmed
case where 5.C., cordite becamc brittle after being kept for a winter at around
6-8°C. Subsequent heating for onc hour at 50°C. rcmoved the offect. Several
thousand specimens werc studicd in an unsuccessful effort to repeat this work(5)

3e5¢3e Hot Storape

On hot storage, therc is a moderatc increase in Young's modulus
during the first fortnight, aftcr which it is constant for a long tim® until
chemical degradation supervencs. Any stresses frozen in the charge tend to
become relaxed (16), and often a charge will bend or distort when heated,
especially if it was stressed during cooling after cxtrusion. There is a
need for more guantitative knowledge of such effects.

3e3e4e Temperaturc Cycling

Temperaturc cycling giving thermal gradicnts, can induce stresses
due to differential thermal expansion end contraction. Therc is scope far
measurement of 'elongation at break' of various compositions, especially at
low temperatures, so that this (combincd with a knowledge of thermal
expension, specific heat, thermal conductivity, nodules of rigidity and bullk
modulus at wvarious tempcraturcs) can be used to predict the maximum rate of
change of temperaturc to which a charge con be subjected without rupturce
This rate will presumably bc much less at low temperatures than at noraal
temperatures, and less on cooling than on heating.

Stressez due to dif'forential themal cxpansion, as well as to plasticiser
interchange, arc also likely to arise with inhibited charges. The coatings
amployed have been choscn o have preperties very similar to those of
propellants, but small differcnces are inevitable. Such dif'ferences have not
been fully studied.

Therc is a clcar requircicnt for an inhibiting material which can deform
much morc casily than the propellant, and without rupture or adhosive fallure
throughout such tempuraturce changese Such deformation could, in principle,
be either plastic vr elastin. Thisc will be censidered in E.R.D.E. Technical
Note No. 3/TN/51 (iu prevaration).

Jede 5- HUCket J.\L()tl'_JI'S

The forcgoing is cifectively concemed with the storage of
isolated colleidal propellant charges. In the case of made-up rockets, the
supperts of the charge constrain it more or less rigidly in a symmotrical
position in the rocket tube, and hence impese stresses on it. This constraint
is of two sorts, firstly, reaction agaianst the reight of the charge, normally
negl¥gible, and secondly, seli=stregsing between charge and supports due, in
general, to differential thermal cxpansiovn, and operative only at high
temperaturess The cxtent of' this self-stresgsing is a function of individual
charge dimensioning and design, but laboratory investigations will be
requircd to furnish thce data required for calculating it, including
measurements of coefficients of oxpansion of propellant and inhibitor,
moduli of rigidity and the degrees of strain at which rupture or 'cold flow'
occurs, all over a range of tomperature around the upper tcmperature limit

sl /of the
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of the rocket. At some temperature near the upper limit, the charge will
become a tight fit in the tube., At temperatures above this it will first

be strained elastically and then undergo plastic flow (so-called 'cold-flow'),
It may turn out to be possible to rely on a definitc degree of clestic strain
before any irreversible cold flow or excessive stroesses on the metal rocket
tube occur; if' so, the motor will be corrcspondingly more efficients Such

a condition at high tempersturcs would givc support against Tiring set-back
and might enable a 'softer’ propellant to be uscd than was otherwise the
case, but it would cntail & precision moulding of chargc plus inhibition,

and close tube tolerances. 1t might bc possible for the charge to be 'self-
moulding' by deliberately naking it a tight fit in thc tube so that it
flowed, in any cesc, to sone cxtent on its first heating, enabling wider
tolerances to be used.

3«4, Rough Usage

The trend in rocket tube design is such that with highly-cfficient
large motors the colloida’ >ropellant charge ig likely to be at least as
strong as the tube. A {221 of a motor six fcet on to concrete would
probably be equivalent to somc twenty fect drop of the cmpty lightweight
tube, as regards strcsscs in the tube itself. There is everything to be
said for low modulus clasiic supports of the propellant within the tube
for these supports to bear on as largec an area of the propellant as
possible and for the propellant in the vicinity of such supports to be as
free as possible from rcgions of potentinl stress-concentration. Theso
are really all matters for the charge designcr. The best the propellant
research and development groups can do is to devisc compositions as strong
as possible. Wartime work indicated little hope here (4) and the only
important long-tecrm prospecs would be to include polymers other than N.C.
in the propellant. New plasticiscers for N.Ce w7ill be kopt under rcview but
no startling advance can bec expected, either in improving impact strength
without impairing other prorertics or in lowering thc temperaturcs at which
propellants become very brittlec.

¥

3¢5¢ Firing

The principal sources o stress on firing arc set-back and unbalanced
as pressures, transient (due to ignition or sccondary peaks) or persistent
due to absence of pressurisation around thc charge). Exact stress analysis

is a function of individnal rshairge deaign and nannot be attempted here.
General principles can, however, be considered for the varinus typcs of
charge. So far as is knowm, all colloidal propellants can withstand any
degree of uniform hydrostatic vressure (unless they contain fissures),
go that only unbalanced stresses are considercd.

The forces due to inertia on sect-back are equal to the mass supported
times the acceleration. Therefore thesc rforces arc at a maximum at the
points of support. Since the tendency of thermoplastics to fail (by
rupture or plastic flow) is roughly an cxpomential f'unction of stress,
only these maximum stresses ncod be considerud. Clearly, the support
should be spresd over as big an arca of the surface as possible. The worst
oases will be head-end suprort of a central propellant stick charge and
'grid! support of a tubular {or crucifom chargcs Each involves a mean
stress equal to the mass of tane charge tines its acceleration, divided by
the actual part of the arca o the cruss-section upon which the support
is concentrated.

The mass is equal to density time length times averago cross—soct?on,
and the acceleration is cqual to ths specific impulse divided by the time
of burning and to the ratio of all-up weight to propellant waight,

phlonl_g

dcc- -"“I, X v /If the
L Jodal VAN agm——
b T eRE—



QT T
.Ei S ;;m‘h

If the support at the start of burning covers a constant proportion of
the cross-section, say about one third, as in the wartime 3-inch rocket, the
actual diameter of motor dods not dircetly affect the charge-supporting
stress, which will clearly be hicghest at the start of burming. .In this event
a given motor can be scaled-uy linearly in all respects, provided the
acceleration is made inverscly proportional to the length. This would be the
case for a given charge shapc and propcllant composition beccause the web
thickness (and henec the time of burning) is proportional to the length.

However, the general trend of guided missile development requires a
uniform acceleration during th¢ boost periocd cs large as the control
mechanism (elcctronic cquipment, ctc.) can stand, so as to minimisc the time
required for the missilc to reach the target. The tendency with larger boocst
motors is, thercfore, to usc Faster-burning propellents, and, if necessary,
multi-conduit charge designs to minimisc web thicknesse The accoleration is
likely to bec up to 80 g at thc upper temperature limit. For this constant
acceleration, the stress acting on the propellant will be proportional to the
length of the motor, both for buost ond custeiner motors.

There is, however,- a. stress-concentration at the edges of the support.
In the case of a grid, wartime work proved that 'grid indentation' wag
minimised by rounding-off its edgese In certain other trials, an increase in
grid support area appcarcd to be counteracted due to the edges of the grid
coming near to the boundary of the charge, where lack of lateral support
causcd the propellant to faile It is sugpested that rocket designers use
photoelastic models or other methods of non-destructive testing to indicate
stress-concentration, so asz to develop the best designs of suppurt to the
charge.

Unbalanced transient gas pressures have often been cited as a cause of
failure of rockets, anud met by drilling tubular charges, using Boys' rods,
and carefully choosing the dispegition of ignition charges. There is very
scanty information about the behaviour of colloidal propellants under rapidly
imposed stresses of this sgort. Even in the casc of sustained pressure
differences (as in the American 'Deacon' rockcet), data for 'elongation at
break' of samples broken in timcs of two scconds and less arce prectically non-
existent in this country.

The czlongations imposcd in a charge which is not supported cxtermally
can be considerablc. Assuming that the propellant is incompressible, a one
per cent. increase in cxbermal diamcter is eguivalent to an average clongation
at the surface of the conduit of four per cent. i the cross-scction of the
ectual propellant is 75 per cents of the grosg cross-section of the charge,
or six per cent. for a 'loading density' of 83 ver cente. The clongation at
the points of the stars might well be two or three times this average figure.
It is therefore nccessary that the propellant chould be capable of an
elongation at break of some tun to twenty times the change in diameter.

Similarly, if the charge is supported by the rocket tube, and the latter
stretches by a hslf per ccnt. on firing, parts of the propollant may be
stretched five por cente or morce

4. PROPOSALS FOR FULKTHEL WORK

4,1. Factors Related to Motor Design

The data quoted for the wartime %-inch rocket were only obtained after
extensive calculations and Tiring trislg. Similar figurcs are not yet
availablc for many newer motor designs, nor can the forogoing general

<6
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considerations be crystallised without them. For example the calculation of
the stress on the propellant charge due to gas pressure differences at the
ends, requires a knowledge of ventiri and gas-conduit sizes, the rate of
burning and crosive burning characteristics of the propellant (particularly
at the upper tcmperaturs limit of usagc) ard thc strecss-concentration of the
supporte In thc case of at lcast onc urgently required boost motor, large-
scale manufacturc of the new propcllant composition is not started, and
measurements of its restriction ratio have not yet hoen made. In order to
expedite the work requircd to solve such difficultics, propellant and
ballistics working partics have recensly boen sct up between C.S./.E.R.D.E.
and C.S./R.A.E./R.P.D. for study of guided weapons, and also with C.E.A.D.
for unguided rockects. It has been agreed *hat E.R.D.E. will study the stress-
concentration in models of scctions of propellant charges, by a photoelastic
technique.

4.2, The Mechanical Propertics of Propellants

4.2.1. The wartime work shewed that routine measurements of Young's
modulus, tensile strength, impact strength and hardness were very valuable.
These measurements, usually made at two or three temperatures on all important
new compositions, werc restart.d in 1949. 15 is the main purpose of this notc
to review what forther work on propellant rhsology should be undertakon,
consistent with thc limited resourcss availadle.

4,2.2. Manufacture

There is a gencral roguirement for easy manufacturc, coupled with a
product as 'hard' as possiblce This was rcalised some years nago, and a rolling
mill has now been comploted which measures the pressurc betwcen the rolls and
the driving torquc as a function of tompera‘ure, speed of rotation and
reduction in thickness. By thosc means it should be possible to give the
Pactories valuablec design data, and also to select more procisely the bgst
compositions fer usc. A tensomcter with cxtrusion cylinder attachment (13) is
awaitcd, and a modified Scott-Piper plastonctor has been mado. It is hoped
with these instruments to obtain a corrclation between absolute measurements
of plasticity at various rates of sheery and processing stressese Plant
cxperiments with dies of vnrious desigus, etce, arc also in hand, but previous
experience has shem the results of sich wvork to be disappointing, due to the
difficulty of tempcraturc countrol ctc. IZlcy (16) investigated during the
war, thc plastic flow of corditc but further work, particularly on compositiors
harder thenS.C. cordite, is required ard it is proposed that the main research
effort be put on shis work during the next year.

The homogeneity of cast double base charges is studied by etching, by
inference from the results of measurcments on samplcs large in comparison with
‘the original granules of casting powder, and by interrupted burning.

.Other proposals have been to use a 3chlicren technique to gxplore
variations in refractive indcx, to develop a partial solution method of
chemical analysis or to makc use of a micro-hardngss toster (as used on
jewels and microscopic pieces of metal), but it is proposed to defcr such
work. 2

4.2.3. Storage ete.

 The measurements required to slarify certain storage problems
discussed in this notc arc mainly in tre ficld of 'cold flow's, and assoclated
delayed-elastic effcctse. A simple apperatus for compressing small pellets
of prbpelfant is now availablc, and a rorc claborate machine is being maded
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It is planned to start this: work very soon.

The rupture of propellants due to thermal gradients is not considered
to be an urgent problem, and measurements of elongation at break at low
temperaturcs with & slow ratcu of loading will be defcerred.

4244, Usa?.'('}

Most problems are covercd by c¢xisting routine tests, but work using
rapid rates of loading is rcquirvd. Fortunatcly, urgent problums involving
these propertics arc perhaps best studied by dircet tests on scetions of
rocket charges. It is proposcd, however, to obtain cquipment for measuring
Young's modulus by the vibrating strip mcthod, and to design apparatus for
measuring hardness, tunsile strength and clongation at bruak for rapid load-
inge This work will f'ollow that on plasticity.

4.2.5. Summarising, the following measurcments on colloidal
propellants are desirable (in order of urguncy):

(i) Routine tests of Young's modulus, tensile strength, impact
strength and 'hardness' on all important new compositions,
at three tempersaturcs, as already carried out;

(ii) Plastic flow at hipgh stresses, simulating manufecturing
processes, and at lower stregscs, simulating storage under
adversc¢ eonditions. Further investigation of delayed elastic
deformation under similar conditionse In ggncrﬂl thlr wurk
would be confined to tomperaturcs between 40°C. and 80° b

(iii) Study of' photoeclagtic moduls for analysis of stress distributicn
under complicatcdl loading conditions;

(iv) Tensile tests undcr rapidly applivd loads, with accurate
measurcments of slongation at break (at all temperatures) ;

(v) Tensile tests at low tempernturce, with accuratc measurement:s
of elongetion at break (using slowly applied stresses);

(vi) Investigation of residual internal stresges and inhomogeneitics
particularly in cast double-base propellants, and their efif'ect
on failure by internal gsg cvolution ctc.

The above work should first of #ll be carricd outl on cxisting service
and experimental propellants, but cxtension to cover compositions
containing N.C. of low viscouity, 'mon-cracking' compositions, ctec., would
have to follows.

Standard inhibiting matcrials should be inecluded.
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